This study is a fi rst approach to visualize moisture distribution and movement between annual rings during sapwood drying by neutron imaging (NI). While Norway spruce [ Picea abies (L.) Karst.] sapwood beams were allowed to dehydrate on a balance at ambient conditions, NI was performed in 1 -10 min time steps. From NI raw fi les, radial dimensional changes were calculated during dehydration and transmission profi les were drawn for different relative moisture content (MC) steps from full saturation until equilibrium moisture content. The NI technique proved to be a useful tool to visualize the movement of free water within, and between, annual rings. Removal of free water in the middle part of the wood beam did not proceed continuously from the surface to the central part, but was strongly infl uenced by wood anatomy. Water is removed from earlywood during early stages of dehydration and later, at higher moisture loss ( < 50 % MC), from the main latewood parts. It is therefore concluded that the radial dimensional changes measured at moderate moisture loss are not only caused by cell wall shrinkage of the outer wood parts located beneath the wood surface, but a result of elastic deformation of earlywood tracheids under the infl uence of negative hydrostatic pressures.
Introduction
Fresh, never-dried Norway spruce sapwood shows radial dimensional changes owing to dehydration stress at bulk moisture contents (MC) well above fi ber saturation (Rosner et al. 2010 ; Hansmann et al. 2011 ) . These dimensional changes cannot solely be explained by cell wall shrinkage of the drier outer wood layer (shell), which remains quite thin during the early stages of drying (Tremblay et al. 2000 ; Rosenkilde and Glover 2002 ; Rosenkilde et al. 2004 ; Salin 2007 ) . Cell wall shrinkage is initiated when a wood conduit reaches the species specifi c MC of fi ber saturation. This point is reached when cell lumina no longer no longer free water, but the cell walls are still fully saturated with liquid, referred to as " cell wall water " or " bound water " (Skaar 1988 ; Simpson and TenWolde 1999 ) . Reversible radial dimensional changes of sapwood (SW) above fi ber saturation can be observed as diurnal stem diameter changes in living Norway spruce (Offenthaler et al. 2001 ; Per ä m ä ki et al. 2001 ) . Partial reversible radial dimensional changes of dehydrating conifer SW specimens (Rosner et al. 2010 ; Hansmann et al. 2011 ) are probably caused by the same effect as observed in living trees by the capillary action of free water. The economical relevance of this process is high: capillary action of free water can even lead to internal checking in living stems (Grabner et al. 2006 ) and to cell wall collapse or drying checks during lumber drying (Booker 1994a,b ; Innes 1995 ; Putoczki et al. 2007 ; Blakemore and Langrish 2008 ) . The partial recovery of dimensional changes well above fi ber saturation is induced by a stress release when it comes to the breakage of the capillary water columns inside the conduits (Rosner et al. 2010 ; Hansmann et al. 2011 ) and not by swelling processes because cell wall rewetting of the outer wood parts by water movement from the interior parts has not been observed so far (Tarmian et al. 2009 ). Waveform characteristics of ultrasonic signals emitted during dehydration was interpreted as meaning that SW does not dry continuously from the shell to the core (Rosner et al. 2009 ). The bulk of acoustic emission in the high frequency range ( > 15 kHz) during dehydration of wood is owing to water movement and the breakage of the water columns inside the tracheids (Kawamoto and Williams 2002 ) . The energy of these signals increases with increasing lumen size of the tracheid (Mayr and Rosner 2011 ) . High energy acoustic signals are emitted at moderate moisture loss (Rosner et al. 2009 ). Flow experiments (Rosner et al. 2006 ) give strong evidence that free water is removed from the highly conductive, less dense SW parts during an early stage of dehydration. Nevertheless, there is no visual proof for this hypothesis.
Neutron imaging (NI) is a relatively new, non-destructive testing method that offers the possibility of looking " inside " a wood specimen. Neutrons are more sensitive than X-ray beams to some major elements, such as hydrogen, and they are particularly suitable for investigating dry wood, as well as free or bound water in wood (Lehmann et al. 2001a ; Mannes et al. 2007 ; Sonderegger et al. 2010 ). An oven-dry wood specimen contains ca. 6 % hydrogen, which accounts for 90 % of the NI attenuation, while carbon and oxygen for the rest (Mannes et al. 2009a ) . NI is therefore proper to investigate the wood structure together with moisture distribution (MD) within a specimen (Niemz et al. 2002 ; Mannes et al. 2009b ; Sonderegger et al. 2010 ) . NI is an extremely fast scanning method and allows the production of high resolution raw images within a quite big fi eld of view.
Nuclear magnetic resonance imaging (NMRI) also allows a clear discrimination between free and bound water (Araujo et al. 1994 ; Almeida et al. 2007 ; Cox et al. 2010 ) . For an experimental setup, where the MD remains in a state of equilibrium during the scanning time and for a smaller fi eld of view, NMR is a good choice (Rosenkilde and Glover 2002 ; Rosenkilde et al. 2004 ; Dvinskikh et al. 2011 ) . However, besides the combined visualization of MC, radial dimensional changes and structural features, the NI technique offers also the possibility of using electronic equipment with ferromagnetic components, such as a balance, to thus observe the bulk water loss of the specimen during the whole dehydration experiment.
The aim of the present study was to check, by means of NI, the hypothesis that free water is removed fi rst from the sapwood regions with low density and wide lumen tracheids. More precisely, the working hypothesis was that the observed dimensional changes during dehydration above fi bre saturation (Rosner et al. 2010 ; Hansmann et al. 2011 ) are not only caused by shrinking of the outer shell of the drying wood, but are also infl uenced by the negative pressure of free water inside the conduits and that no continuous rewetting of the outer surface layers takes place during dehydration. Neutron images were taken every minute during the fi rst 8 h and thereafter every 10 min, while the SW sample was allowed to dehydrate for 22 h on a balance.
Material and methods

Specimen preparation
Sapwood (SW) specimens were obtained from healthy, dominating 30 -45-year-old Norway spruce [ Picea abies (L.) Karst.] harvested in Prinzersdorf (Lower Austria) and in Ekebo (Southern Sweden). Wood bole segments, 200 mm in length, were taken immediately after felling at breast height and were kept wet in plastic bags containing some fresh water. Outer SW specimens with a transverse surface of about 9 × 9 mm 2 were isolated by splitting the wood along the grain with a chisel. The tangential and radial faces of the SW beams were planed on a sliding microtome. Specimens were shortened on a band saw and sample ends were re-cut using a razor blade. During preparation, the specimens were kept wet before they were soaked in distilled water under vacuum for 24 h to refi ll embolized tracheids (Hietz et al. 2008 ) and afterwards stored at 4 ° C in distilled water containing 0.01 % (by vol.) Micropur (Katadyn Products Inc., Wallisellen, Switzerland) to prevent microbial growth during transport. The fi nal specimen dimensions were: 5.5 mm tang., 5.5 mm rad. and 100 mm long. The Prinzersdorf specimen set (tree age 45 years) contained fi ve complete annual rings and the Ekebo set originating from a fast growing 30-year-old tree comprised one complete annual ring.
Experimental setup
Neutron imaging was performed at the NI facility, NEUTRA, at the Paul Scherrer Institute (PSI) in Villigen, Switzerland. The imaging beam-line is fed by the Spallation Neutron Source SINQ with neutrons in a thermal spectrum (Lehmann et al. 2001b ). The theoretical background, limitations of the method and the measurement device are described in detail elsewhere (Lehmann et al. 2001a (Lehmann et al. , 2004 Mannes et al. 2009a,b ) .
Fully saturated Norway spruce SW specimens were weighed and thereafter quickly fi xed on a tack, which was non-permanently glued on a sample holder (Figure 1 ) . The tack and the sample holder were mounted with Terostat II (Henkel AG & Co. KGaA, D ü sseldorf, Germany) on the sample holder and on the balance (resolution 10 -3 g; Sartorius, G ö ttingen, Germany), respectively. The radially-cut face of the SW specimen was oriented perpendicular to the neutron beam. The distance between the specimen and the detector was 5 mm. Specimens were dehydrated for 22 h at ambient conditions (24 -26 ° C, 45 -50 % relative humidity). During the whole dehydration run, NI and bulk moisture loss were assessed automatically every minute during the fi rst 8 h, thereafter, every 10 min. The detector was a scintillator-charge-coupled-device (CCD)-camera system with a fi eld-of-view of 50 mm × 50 mm allowing for a spatial resolution of 51.6 μ m per pixel. The scintillator was a 50-μ m thick 6 LiF:ZnS-scintillator. The exposure time for every image was 60 s. The samples were positioned such that their middle part was in the middle of the fi eld-of-view (Figure 1 ). After the NI measurements, specimens were dried to a constant weight at 103 ° C to calculate the MC at different dehydration steps.
Transmission and radial dimensional changes
Before evaluation, raw image data were processed with ImageJ (freely available from http://rsbweb.nih.gov) in order to correct inhomogeneities of the experimental setup. is inhomogeneous (Skaar 1988 ; Moon et al. 2010 ) . Scattered neutrons can be seen as " star shine " around the object, which increases with decreasing distance to the detector (Lehmann et al. 2004 ) and the limited spatial resolution causes a slight blurriness at the edges (Mannes et al. 2009b ). For these reasons, radial shrinkage curves obtained by image analysis of NI are not as smooth as those assessed by video extensiometry (Hansmann et al. 2011 ) or load cells (Rosner et al. 2009 ).
In both specimens, radial shrinkage started right from the beginning of dehydration (Figures 2b and 3b) . In the specimen with wide annual rings, radial dimensional changes ceased at 150 % MC and even showed a reversed trend until MC approached fi ber saturation (Figure 2b ). This reversible trend indicates that a high amount of the dimensional change at moderate moisture loss was induced by negative water pressure inside the cell lumina and capillaries acting perpendicular to the cell walls and trying to draw the walls inwards (Rosner et al. 2009 ; Hansmann et al. 2011 ). When the negative pressure becomes too high, the water column will break, leading to a sudden stress release which causes a relaxation of the cell walls (Tyree and Zimmermann 2002 ) . In the specimen with narrow annual rings, this process was less pronounced (Figure 3b ) because tracheids with smaller diameters are less prone to deformation caused by negative were excluded from analysis. Such black or under-exposed images can result from fl uctuations in the neutron production which lead to data gaps between the defi ned measuring intervals. Keeping in mind the long duration of the experiment, a data loss of < 10 % was quite acceptable.
After sorting, the images were processed: a median fi lter (despeckle function) was used to eliminate outliers such as " white-spots " . The offset caused by the background noise of the CCD camera was subtracted and the images were fl at-fi eld corrected to reduce the impact of the inhomogeneities of the neutron beam and the scintillator. The standard transformations described here are common to all transmission based methods (Mannes et al. 2009a ) .
Transmission plot profi les from the middle part of the SW specimen were processed for 12 moisture loss steps. The specimen shrinks up to 5 % upon dehydration in the radial direction (Rosner et al. 2010 ) ; therefore, it was impossible to produce a plot of transmission against time of a small defi ned location within the specimen, particularly of the outer parts.
Images used for the transmission plot profi les were brightness-/ contrast-adjusted so that in the 32-bit fi les the minimum displayed value was " 0 " and that the maximum value displayed was " 1 " . This transformation permits a clearer visualization of the MD within the specimen. Regions with lower transmission values than in the image of the dry specimen represent areas with higher amounts of water (Lehmann et al. 2001a ; Mannes et al. 2009b ). The procedure " lookup tables " was then applied to the 8-bit fi les in order to transform dark gray areas into shades of blue (Figures 2 a and 3 a) . This procedure was used for visualization only; transmission plots provide a more detailed data view (Figures 4 b and 5 b) .
The radial dimensional changes were calculated with MATLAB, where the 8-bit grayscale transmission plot profi les were pretreated with a threshold of 245 (0 = black, 255 = white) to detect the specimen edges. Additionally, measurement artifacts outside of the specimens were removed by fi ltering all areas smaller than 1000 pixels. To be able to cope with the blurred edges of the specimens, 30 pixel rows were taken from the middle of the samples and an arithmetic mean was calculated. For a better illustration of the radial shrinkage curve, a moving average with a subset of nine transmission plot profi les was used.
Transverse sections of wood beams
Transverse sections of the test samples were made in the regions where the transmission plots were produced. Wood cubes were re-soaked in a mixture of distilled water, ethanol and glycerin (1:1:1). Transverse sections with a thickness of 20 μ m were prepared on a sliding microtome. Sections were stained with methylene blue, mounted in Euparal (Merck, Darmstadt, Germany) and photographed by means of a Leica DM4000M microscope equipped with a digital camera (Leica Microsystems Wetzlar GmbH, Germany).
Results and discussion
Radial dimensional changes of sapwood during dehydration
When assessing radial dimensional changes by NI, methodical problems obscuring the contrast between specimen and background have to be taken into account. Transmission is infl uenced by the specimen thickness (Mannes et al. 2007 ). Wood also shrinks in the tangential direction -this shrinkage water pressures (Rosner and Karlsson 2011 ) . A total recovery from the pressure-induced dimensional change could not be observed because it is superimposed by increasing cell-wall shrinkage upon further drying (Hansmann et al. 2011 ) . Cell wall shrinkage was initiated after the reversed radial dimensional change reached its peak, shortly before the slope of the MC curve reached its non-linear part (Figures 2b and 3b) . Similar radial dimensional changes caused by drying have been measured with several different methods (Rosner et al. 2009 ; Rosner et al. 2010 ; Hansmann et al. 2011 ) .
Moisture movement during drying assessed by NI
Lookup tables of neutron radiographies of the middle part of SW beams at 12 different MC stages beginning from the fully saturated state until 8 -9 % MC are presented in Figures 2 and 3 . At the onset of dehydration, more moisture evaporated near the transverse cut faces than in the middle part of the wood beams (data not shown). This was tested in a pretrial and demanded a much larger measuring window than 50 mm × 50 mm which led to a lower resolution of the radiographies. However, specimens should have a specifi c minimum length (100 mm) to be able to observe dimensional changes caused by capillary forces, so that they do not dry too fast. To visualize water distribution within and between narrow annual rings in the region of interest (the central region of the SW beam), a smaller window was chosen leading to higher resolution radiographies.
Figures 2a and 3a indicate that removal of free water in the radial direction did not proceed continuously from the surface to the interior parts but was strongly dependent on wood anatomical characteristics. Removal of free water started in the outermost cell layers and in the high density latewood (LW) zones (Figures 4 and 5 ; stage II). Mild drought stress leads to pit aspiration in earlywood (EW) tracheids, whereas in LW it leads to to air seeding through pit membrane pores (Liese and Bauch 1967 ; Domec and Gartner 2002) . It seems, therefore, that a small amount of free water is likely removed in LW fi rst, because LW bordered pits are not prone to aspiration upon capillary action (Rosner et al. 2010 ) whereby water can easily move between the tracheids. Air entry in EW occurs when the torus of the pit membrane is ripped out of its sealing position enough to allow air leakage (Hacke and Sperry 2001 ) . At bulk MCs between 150 % and 50 % , free water was merely been removed from the EW. This process started in the fi rst EW cell rows, which have low density and are highly vulnerable hydraulically (Figures  2 -5 ; stage III -IV). When MC approached fi ber saturation, free water also evaporated from the high density LW regions (Figures 2 -5 ; stage VII). Almost no changes in the transmission could be observed after most cells were below fi ber saturation, i.e., when the slope of the MC became linear again (Figure 2b : stage X -XII, Figure 3b : stage XI -XII). Where cell wall shrinkage was still ongoing, the transmission plots were shifted slightly from outside to the center (Figures 4 and 5) .
Conclusions
NI proved to be useful in visualizing that removal of free water in the middle part of the specimen did not proceed continuously from the surface to the central part. At MC > 50 % , water is merely removed from EW and thereafter from the main LW parts. It is therefore concluded that the reversibility of radial dimensional changes is not caused by continuous rewetting of the outer wood parts located beneath the wood surface, but caused by the capillary action of free water. This study is -to best of our knowledge -the fi rst approach in visualizing moisture distribution during sapwood drying by NI. To be able to estimate the absolute amount of water transported in a specifi c compartment, oven-dry referencing of wood specimens was necessary. NMRI needs no dry referencing and should be applied in further research in this regard and also because it allows a clear separation between free and bound water. However, all up-to-date techniques have the problem that differential shrinkage processes during dehydration obscure moisture content analyses of specifi c compartments within a specimen. Thus, the application of speckle pattern tools to localize the same wood compartments in dry and wet conditions should be a topic of further studies.
